This article discusses the dissolution of mineral fibers in simulated physiological fluids (SPF), and the parameters that affect the solubility measurement in a dynamic test where an SPF runs through a cell containing fibers (Scholze and Conradt test). Solutions simulate either the extracellular fluid (pH 7.6) or the intracellular fluid (pH 4.5). The fibers have various chemical compositions and are either continuously drawn or processed as wool. The fiber solubility is determined by the amount of SiO2 (and occasionally other ions) released in the solution. Results are stated as percentage of the initial silica content released or as dissolution rate v in nm/day. The reproducibility of the test is higher with the less soluble fibers (10% solubility), than with highly soluble fibers (20% solubility). The influence of test parameters, including SPF, test duration, and surface area/volume (SA/V), has been studied. The pH and the inorganic buffer salts have a major influence: industrial glasswool composition is soluble at pH 7.6 but not at pH 4.5. The opposite is true for rock-(basalt) wool composition. For slightly soluble fibers, the dissolution rate v remains constant with time, whereas for highly soluble fibers, the dissolution rate decreases rapidly. The dissolution rates believed to occur are vl, initial dissolution rate, and v2, dissolution rate of the residual fibers. The SA of fibers varies with the mass of the fibers tested, or with the fiber diameter at equal mass. Volume, V, is the chosen flow rate. An increase in the SA/V ratio leads to a decrease in the dissolution rate. Test conditions corresponding to high values of SA/V may lead to saturation of the species released in the solution, slowing the dissolution process. The in vitro solubility test described here is used to investigate the dissolution rate of mineral fibers of various chemical compositions. The test parameters must be clearly defined since they have a major effect on the dissolution rate measured. Experimental conditions must be chosen so that the dissolution rate measured in vitro is in good agreement with in vivo experiments. -Environ Health Perspect 1 02(Suppl 5): 91-96 (1994) 
Introduction
The in vivo solubility of fibers is considered to have a major influence on their health effect. A number of in vitro tests have been developed (1) to measure the solubility of fibers in simulated physiological fluids (SPF) and correlate it with in vivo experiments. The present work describes an in vitro dynamic solubility test and the influence of various test parameters on the solubility measurement; the parameters include SPF itself, test duration, and surface area/volume ratio (SA/V).
Experimental Procedure
The test used ( Figure 1 ) is a dynamic test developed by Scholze and Conradt (2) in which SPF runs through a cell containing the fibers, at 370 and at a flow rate set with a peristaltic pump. The effluent solution is analyzed systematically for SiO2 and occasionally for CaO and other ions by inductively coupled plasma.
The test lasts from 3 to 6 weeks, but the effluent solution is analyzed at least weekly. After the test the fibers are checked for weight loss and examined by secondary electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and energy dispersive X-ray (EDX) analysis. Table 1 presents the two solutions used. One solution, which simulates the extracellular fluid used by Scholze and Conradt (2) , is buffered at pH 7.6 ± 0.2 with an N2/CO2 gas (95/5 volume) constantly bubbled through; the other, simulating the intracellular fluid, the acidity of which may be due to the action of the lysosomes, is at pH 4.5.
The fibers tested were of various chemical compositions and were either continuously drawn (average diameter 10 pm) or processed as wool with different diameters ( [1] where [SiO2] = SiO2 concentration in the effluent solution (mg/I), V = volume of solution (1), m = mass of fibers tested (mg), (% SiO2) glass = initial SiO2 content of fibers (weight percent).
The values of (% SiO2)s,1 were determined for each weekly batch of effluent solution and the results for each batch were aggregated.
An analysis of all glass oxides in the effluent solution can be made (except for Na2O, since Na+ concentration is too high in the SPF), and the results expressed in the integrated equation
, m x (%/o(oxide)j)giass [2] The dissolution rate, v, is assumed to be proportional to the surface area (where v = -6id/28t) (nm/day and where d = fiber diameter) is for a single fiber:
Jo) [3] for fibers with a diameter distribution characterized by d5, d50, d95 [4] ( [6] where, if J = amount of silica present in the fibers at time t, then AJ = (%SiO2) Jo V= (1-1-(%SiO2 )Sol [7] [7a] v represents the dissolution rate of the silica network, which is the global dissolution rate of the fiber when one assumes that the dissolution is congruent (i.e., that there is no selective leaching). or, if J = M (fiber mass remaining at time t), then 2tt VMO [8] v is the global dissolution rate of the fiber. where M = fiber mass, A = reaction surface area.
There is a simple relationship between k and v: k_=_4v (p:fiberdensity) 
Influence of the Different Test Parameters Simulated Physiological Fluid
The influence of pH on the solubility was tested using two solutions, one simulating extracellular fluid with pH 7.6 ± 0.2 and the other, intracellular fluid at pH 4.5. For example, when comparing industrial insulation glasswool (C3) and rock-(basalt) (Table 2) , the former is soluble in extracellular fluid but not in intracellular fluid, while for the latter the opposite is observed ( Figure 2 ). The high solubility of basalt in an acidic medium, and particularly in the presence of citrate salts (which probably have a strong chelating effect), has already been observed by Mogensen (4) . For CM44, a modified glass composition (Table 2) , the dissolution rate is higher in both media compared with industrial glass (Figure 2 ).
Test Duration
If fibers are assumed to have a uniform diameter and to dissolve congruently at a low dissolution rate, i.e., (% SiO2)so, .. i.e., v =-S where S = slope. (Figure 4) . The SEM and EDX analyses performed on the fibers after the test show a surface layer enriched in Si and Al (5, 6) and it is the formation of this layer that leads to a decrease in the dissolution rate.
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The dissolution rate, obtained through 
Surfiwc Area/Volume
The ratio of the surface area developed by the fibers to the volume of the solution (i.e., the flow rate in dynamic experiments) is an important parameter for the determination of the dissolution rate. The kinetic parameter defined by Bauer (7) as SA/V(expressed in cm-l'hr) depends on the flow rate, the mass of fibers and the diameter of the fibers.
Flow Rate. The four man-made vitreous fibers (MMVFs; Mass of Fibers. MMVF1 1 was tested at 300 ml/day with two different fiber masses. The (% SiO2),01 and the dissolution rate were greater with the lower mass of fibers (i.e., with lower SAIV) ( Table 3) .
Fiber Diameter. To assess the influence of the fiber diameter on the dissolution rate, fibers with the same chemical composition (a modified slag) were produced by the TOR process with different average fiber diameters, 0.8, 3.7 and 19.7 jIm. Dissolution experiments were performed with different masses, thus keeping SA constant.
The (% SiO2),01 after 42 days decreased with increasing fiber diameter ( Table 4 ). The dissolution rate was roughly the same for fibers with an average diameter of 0.8 or 3.7 pm, but was double for fibers with -an average diameter of 19.7 pm (Table 4) .
2000 This difference might be due to actual differences in surface area, resulting from unreliable determination of the mass of fibers used, or to a difference in the surface chemistry or surface structure of the fibers.
pound or the dissolution is fairly congruent, the silica released in solution, (% SiO2),01 is a good indicator of the global dissolution. In contrast, the dissolution of the slagwool MMVF22, is highly noncongruent with a rapid leaching of calcium. The solubility, therefore, is given by the sum of the silica and calcium released in the solution, (% SiO2 + % CaO),.
The (% SiO2),.l or (% SiO2 + % CaO),01 measured after 28 days increases with the flow rate (Figure 8 ) indicating that the dissolution is greater at a higher flow rate. The increase is greatest for MMVF10, the most soluble composition.
For MMVF2 1, the silica concentration, at 1600 ml/day , is lower than the detection limit. No value is given at this flow rate. The SEM and EDX observations made on the fibers after test show corrosion patterns that vary with the flow rate, (due to formation of calcium phosphate at the higher flow rate) (5) . Dissolution mechanisms also change with change in the flow rate, which may increase leaching or formation of fine deposits.
In general, increasing the flow rate (i.e., by decreasing the value of SAIV) increases the dissolution rate (Figure 9 lent to a modification through change of mass. Table 5 gives the k values, where k = \f(p,O.24) v that were obtained for the 4 MMVF fibers under different experimental conditions of flow rate and mass. The k values increase, as SAIV decreases, with the exception of one value for MMVF 11, which corresponds to the maximum value of v observed in Figure 10 .
Under the given experimental conditions, the rockwool fiber (MMVF21) was the least soluble, and of the glasswool fibers, MMVF1O was more soluble than MMVF1 1, while the slagwool fiber (MMVF22), due to the rapid leaching of calcium, was as soluble as a glasswool fiber. Since the values of k vary with SAI V4 it is clearly important to define the experimental conditions under which sol-00. U0 ubility measurements were carried out, including the mass of fibers, fiber diameter, and the flow rate.
Conclusion
The experimental solubility test was used to determine the dissolution of fibers of various chemical compositions and to estimate the influence of some of the test parameters on the measured dissolution rate. These included, among others, the pH and the chemical composition of the SPF. As examples, glasswool is soluble at pH 7.6-equivalent to extracellular fluid-but basalt wool is insoluble. In acid solution, the converse is true.
In addition, the dissolution rate depends on the test duration. If this is short, the dissolution rate corresponds to that of the original fiber, whilst with longer test durations, a lower dissolution rate is obtained, corresponding to the dissolution of a modified fiber that has been leached or has surface deposits. The solubility also depends on the SAI V ratio, which may be decreased by increasing the flow rate or by decreasing the mass of the fibers; either will increase the dissolution rate. The choice of experimental conditions will determine the extent to which there is agreement between the dissolution rates measured in vitro and in vivo.
